The starting coordinates where taken from the 1.8 Å resolution crystal structure of the LPMO-substrate complex from Lentinus similis S1 (PDB ID 5ACF). The structure is a monomer that contains 250 amino acids and 358 crystal water molecules, amounting to 2216 atoms in total. The structure was collected with a low radiation dose to minimise photoreduction during data collection, which is a well-known problem for metalloproteins
preparation tools.
S5 For titratable residues (7 arginine, 3 lysine, 7 histidine, 16 aspartate and 5 glutamate residues), Maestro employs the PROPKA program S6 to estimate pK a values.
The individual residues were visually inspected and their solvent exposure and hydrogenbond network were assessed. Based on this, we concluded that all arginines and lysines are protonated (+1) and the aspartic and glutamine acids are in their carboxylate form (−1). Three of these charged residues are buried inside the protein, Glu103, Arg140 and Glu142. Glu103 forms an ionic pair with the ammonium group of Lys100, whereas Arg140
and Glu140 from another ionic pair. Therefore, they were considered in the charged forms.
The protein contains two cysteine residues (Cys41 and Cys167) that are cross-linked by a disulfide bridge.
Histidine residues have two possible protonation sites and in the following, we denote histidines as HIE (N 2 protonated), HID (N δ1 protonated) or HIP (both nitrogens protonated).
The N-terminal histidine is a special case, because the imidazole is methylated on the N 2 atom, whereas N δ1 coordinates to the Cu ion. For the remaining histidine residues, we employed the protonation states HIP66, HID78, HIP79, HIP122, HID125, HIP131 and HIE147.
HIP66 forms hydrogen bonds from N δ1 to the O δ1 carboxyl group of Asp72 and from N 2 to a hydroxy group of the substrate. HID78 coordinates to Cu through N 2 , whereas HIP79 forms a salt-bridge from H δ1 to the carboxylate group of Asp116 and a hydrogen bond to a crystal water molecule through H 2 . HIP122 forms a hydrogen bond to the carboxyl group of Asp70 through H δ1 and is exposed on the surface of the protein and was therefore chosen to be doubly protonated. HID125 forms a hydrogen bond to a crystal water molecule from H δ1 and N 2 accepts a hydrogen bond from the NH group of the Trp64 side chain. HIP131 is solvent exposed on the surface and was chosen to be doubly protonated (in the crystal structure one of the hydrogen interacts with a Cl -ion). HIE147 is close to the active site and may participate in the reaction mechanism as the proton donor. 
Equilibration and QM/MM setup
The system described above was equilibrated by simulated annealing. Both the equilibration and the QM/MM calculations followed closely our previous investigations S8 and here we only highlight differences. The previous calculations were carried out on a system without substrate, but in this study, we included a trisaccharide substrate (cf. Figure 1 in the paper). The substrate was described by the glycam.v06 force field, S9 which is tailored for oligosaccharides. The protein was described with the Amber FF14SB force field S10 and water molecules with the TIP3P model. S11 The equilibration was performed on state 1, which was obtained by replacing the coordinating Cl -ion in the crystal structure with H 2 O. Figure S1 : The systems employed for RESP charges (left) and two examples of the employed QM systems (middle with and right without His147; intermediates 1 and 3 are used as examples).
For the equilibration, restrained electrostatic potential (RESP) charges were employed for the metal center and its first coordination sphere (cf. Figure S1 ) The employed structure was taken from the crystal structure and only the hydrogen atoms were optimized, employing the S3 TPSS functional S12 together with the def2-SV(P) basis set. S13,S14 The electrostatic potential was calculated in points that were sampled with the Merz-Kollman scheme S15,S16 using default radii for the light atoms and 2 Å for Cu. S17 They were employed by the RESP program (a part of the AMBER software package) to calculate the charges.
The QM system (system 1) consisted of the copper ion and its first coordination sphere i.e. the imidazole ring of His78 and the phenol ring of Tyr164, both capped with a hydrogen atom replacing C α . The entire His1 residue, which coordinates to Cu through the terminal amino group as well as the imidazole side chain, was included. The neighboring Thr2 residue was included up to the C α atom, which was replaced by a hydrogen atom. In addition, the two first glucose rings of the substrate were also included in system 1, whereas the third glucose unit was described by MM. Thus, for the 1 state, the QM region comprised 111
atoms (see Figure S1 , middle).
Since the reduction of 1 without substrate has been discussed in several previous computational QM-cluster S4,S18,S19 and QM/MM studies, S8 we have also considered the reduced point-charges) with the def2-TZVPP basis set S13 on structures obtained with TPSS-D3/def2-SV(P). In addition, we also report energies for similar calculations with TPSS-D3 replaced with B3LYP-D3.
S23-S25
For selected states (1-3), we have probed the quality of the structures obtained with the TPSS-D3 functional and def2-SV(P) basis set by increasing the basis set to def2-TZVPD.
In addition, test calculations were also performed with system 2 optimised. System 2 was defined as all atoms within 6 Å of any atom in system 1. We use the labels "free" and "fixed"
for calculations in which the coordinates of atoms in system 2 were or were not optimized, respectively.
Overlay of active sites in 5ACF and 4EIS crystal structures Figure S2 : Overlay of active site structures from 5CAF and 4EIS (yellow). Hydrogen atoms are not shown. Residues numbering is accoriding to 5CAF.
S5
Optimisations with system 2 free Table S1 : Cu-ligand bond lengths (Å) in the present and in previous studies for 3 with substrate (entries 1-3 and 9-11) and without substate (entries 4-8 and 12,13). All QM/MM results were obtained with the TPSS-D3 functional and def2-SV(P) basis set (unless otherwise noted). Singlet-triplet splittings of intermediate 3 Table S2 : Singlet-triplet (∆E = E T − E S ) splitting for 3 in kJ/mol in the present and in a previous study (obtained with TPSS-D3/def2-SV(P) without His147 in the QM region). In addition, the QM/MM energy components from Eqn. 1 are also included (with ∆E MM = ∆E MM123 − ∆E MM1 ), as well as the QM+ptch energy calculated with the larger def2-TZVPP basis set (single-point energy calculation; ∆E QM ). Reaction profiles and energetics for intermediates 3-7 Figure S6 : ∆E QM/MM and ∆E QM for a range of O−H distances (reaction 3→4a). In the lower figure, the electrostatic and MM contributions to ∆E QM/MM are shown for the various distances. ∆E ptch ∆E MM Figure S8 : ∆E QM/MM and ∆E QM for a range of O−O distances in the water dissociation reaction 4b→6a. In the lower figure, the electrostatic and MM contributions to ∆E QM/MM are shown for the various distances. Figure S11 : Reaction energies and barriers for C−H hydrogen abstraction by [CuOH] 2+ (6c). The figure shows ∆E QM/MM and ∆E QM for a range of O−H distances. In the lower figure, the electrostatic and MM contributions to ∆E QM/MM are shown for the various distances (always for the most stable state, singlet or triplet). Figure S12 : Reaction energies and barrier for the recombination step (7a→8a) with His147 in the HIE state. The figure shows ∆E QM/MM and ∆E QM for a range of C−O distances. In the lower figure, the electrostatic and MM contributions to ∆E QM/MM are shown for the various distances. 
